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ABSTRACT 
Suspension cu l tu res  of Berberis spec ies  are 
use fu l  sources fo r  the detect ion  and i so la t -  
ion of  a new enzyme which t rans fers  the 
methyl group from S-adenosy l -L -meth ion ine  
spec i f i ca l l y  to the 9 -pos i t ion  of  the (S) -  
enant iomer  of  scou ler ine ,  p roduc ing  (S ) - te t ra -  
hydrocolumbamine.  The enzyme was enr iched  
27- fo ld ;  i t  i s  not par t i c le  bound, has a pH 
optimum of  8 .9 ,  a mo lecu lar  we ight  of  63 000 
and shows a h igh degree of  subst ra te  spec i f -  
i c i ty .  
ABBREVIATIONS 
SAH = S -Adenosy l -L -homocyste ine ;  SAM = 
S -Adenosy l -L -meth ion ine ,  STOX = (S ) -Tet ra -  
hydroprotoberber ine  ox idase .  
INTRODUCTION 
Prev ious  s tud ies  have demonstrated that  (S) -  
re t i cu l ine  and (S ) - scou ler ine ,  when admin is t -  
ered to shoots of  p lants  conta in ing  i so -  
qu ino l ine  a lka lo ids ,  are read i ly  conver ted  
to pro toberber ines  (see Corde l l ,  1981).  
Subsequent exper iments  w i th  ce l l - f ree  extracts 
of Macleaya microcarpa callus have shown the 
presence of an enzyme which catalyses the 
formation of scoulerine from reticuline, 
which was named berberine bridge nzyme 
(Rink and Bbhm, 1975). Th is  enzyme was pur i f -  
ied to homogeneity ,  character i zed  (S te f fens  
et a l . ,  1984), and shown to cata lyse  the 
convers ion  of  (S ) - re t i cu l ine  to (S)-scoulerine 
in the presence of oxygen. In the course of  
the b iosynthes is  of  berber ine - type  a lka lo ids ,  
(S ) - scou ler ine  is  expected to undergo va~ous 
methy la t ion  steps as wel l  as the ox idat ion  
of  r ing  C. 
We repor t  here on a new enzyme and some of 
i t s  character i s t i cs  which cata lyses  the 
s tereo-  and reg iospec i f i c  O-methy la t ion  at 
the 9 -pos i t ion  of (S ) - scou ler ine  us ing  SAM 
(F ig .  I ) .  This enzyme t rans forms (S ) -  
scou ler ine  to (S ) - te t rahydroco lumbamine ,  
which,  in tu rn ,serves  as the precursor  of 
most p ro toberber ine  a lka lo ids ,  inc lud ing  
columbamine, pa lmat ine ,  berber ine  , 
j a t ro r rh i z ine ,  etc .  This methy l t rans ferase  
Offflnntreques~to:S. Muemmler 
there fore  occupies a cent ra l  ro le  in p ro to -  
berber ine  b iosynthes is .  
H3CO~ H3CO~ 
2JA Is[. lJ ~ SAM SAH ' , ~  
H O ~ o  H ~ = HO T f T  OCH3 
[ . u I L  
"OCH3 ~ "OCH} 
(S)-Scoul.erine (S) -T¢lrohydroco|umbamine 
Fig.  I React ion sequence cata lysed  by 
(S ) - scou ler ine  9-O-methyl  t rans feras  e 
MATERIALS and METHODS 
Suspension cu l tu res  prov ided  by our ce l l  
cu l tu re  laboratory  were used, espec ia l l y  
those of  Berberis wilsoniae var .  subcaulialata 
Schne id . ,  and grown as prev ious ly  repor ted  
(Hinz and Zenk, 1981). Ce l l s  were harvested  
a f te r  reach ing  the s ta t ionary  phase, f rozen  
in l iqu id  n i t rogen  and s tored ~t -20°C. 
Potassium phosphate buf fe r  (0 . i  M, pH 7.5,  
200 ml) conta in ing  ~-mercaptoethano l  (20 mM) 
was added to 100 g fresh weight of frozen cel ls  and 
the mixture  was s t i r red ,  unt i l  a homogeneous 
mass was obta ined .  This  was pressed through 
cheesec lo th ,  and the resu l t ing  l iqu id  was 
cent r i fuged  fo r  I0 min at 13 500 x g. So l id  
(NH4)2S04 was added to the supernatant  unt i l  
70% saturat ion  was reached. The prec ip i ta te  
was cent r i fuged  down as above and taken up 
in 10 ml of  the or ig ina l  phosphate buf fe r  
and cent r i fuged  again (30 O00xg, 10 min) .The  
supernatant  of  th i s  step was app l ied  to a 
AcA 44 gel f i l t ra t ion  column (2.3 x 87 cm) 
and the prote in  f rac t ionated  w i th  the same 
buf fe r  (e lu t ion  speed 0.3 ml min -1 ;  f rac t ion  
vo l .  4.5 ml ) .  The f rac t ions  conta in ing  the 
enzyme ( typ ica l ly  f rac t ions  30-60) ,  were 
pooled and app l ied  to a DEAE-Sephacel column 
(2.3 x 6 cm) at a speed of  0.6 cm min- l .  The 
column was washed w i th  phosphate buf fe r  and 
the e luent  was co l lec ted  in 9-ml f rac t ions .  
The methy l t rans ferase  was found in the 
in i t ia l  f rac t ions .  This f lu id  was concent ra t -  
ed by u l t ra f i l t ra t ion  (Amicon membrane YM I0)  
to a f ina l  volume of  6 ml. The enzyme was 
d iv ided  in to  three equal por t ions  and then 
sub jec ted  to h igh pressure  l iqu id  chromato-  
graphy (LKB system, G 300 SW column, 2.15 x 
60 cm, potass ium phosphate 25 mM buf fe r  (pH 
7.0)  conta in ing  25 mM NaCI, 3.0 ml min - l ) .  
3-ml f rac t ions  were co l lec ted  and examined 
fo r  p ro te in  absorpt ion  at 280 nm, then fractions 
conta in ing  prote in  were assayed fo r  enzyme 
act iv i ty ,  f rac t ions  conta in ing  the enzyme 
were pooled and concent ra ted  as above. 
Standard Enzyme Assay 
The react ion  mixture  (200 ~I )  inc luded  500 
~mole g lyc ine-NaOH buf fe r  (pH 9 .0 ) ;  20 ~mole 
sodium ascorbate  ( to  prevent  ox idat ion  of  the 
pheno l i c  subst ra tes ) ,  50 ~moZe (S ) - scou ler ine ;  
20 ~mole [CJH3]-SAM (24 x i0~ cpm) and enzyme. 
The assay mixture  was incubated  fo r  20 min at 
30°C. The react ion  was te rminated  by add i t ion  
of  200 ~I T r i s -HC l ,  i M, p H 8.51and 400 ~I 
isoamyl a lcoho l .  The sample was shaken mechani- 
ca l ly  fo r  15 min. The suspension was centr i fug- 
ed, and then a 200-pl  a l iquot  of  the organ ic  
layer  removed fo r  l iqu id  sc in t i l l a t ion  count -  
ing .  Cont ro l s  were run w i th  heat -denatured  
prote in .  The k inet i c  constants  fo r  the enzyme 
were determined us ing the s tandard  assay but 
in keeping the concent ra t ion  of one of the 
reactants  under invest igat ion  f i xed  at 5 mM. 
The enzyme (ca.  I0 ~g) used usua l ly  had a 
spec i f i c  ac t iv i ty  of 260 pkat/mg. The molecular 
we ight  of  the enzyme was determined by s tand-  
ard HPLC and gel f i l t ra t ion  methods; va lues  
obta ined  by both techn iques  agreed w i th in  
3%. P ro te in  determinat ions  were performed 
accord ing  to Bradford  (1976) or, on pur i f ied  
samples, by the 260/280-nm method. 
A lka lo ids  
(S) -  and (R) -scou ler ine  were synthet i zed  
accord ing  to s tandard  procedures (Bat tersby  
et  a l . ,  1966). A l l  o ther  a lka lo ids  used were 
synthet i zed  by known procedures or were 
i so la ted  from p lant  mater ia l .  For the 
character i za t ion  of  react ion  products lO - to  
20- fo ld  la rger  incubat ion  mixtures  in the 
~tandard propor t ions  conta in ing  
~C-SAM were used. The labe l led  a lka lo id  was 
ext rac ted  in to  e thy l  acetate  and sub jec ted  
to TLC us ing  the so lvent  system ethy l  acetate: 
2-butanone:  fo rmic  ac id  : H20 = 5 : 3 : i : 1. 
Labe l led  te t rahydroco lumbamine  thus formed 
was ox id i zed  on a preparat ive  sca le  us ing 
(S ) - te t rahydroprotoberber ine  ox idase  (Amann 
et  a l . ,  1984),  g iv ing  columbamine, which was 
d i lu ted  w i th  un labe l led  car r ie r  mater ia l  nd 
subsequent ly  c rys ta l l i zed  to const ,  spec i f i c  
ac t iv i ty .  
RESULTS 
The new enzyme was assayed fo r  i t s  ca ta ly t i c  
ac t iv i ty  by mon i to r ing  the t rans fer  of  the 
t r i t ium labe l led  methyl  group of  SAM to (S) -  
scou ler ine .  Ext rac t ion  of  the labe l led  a lka -  
lo id  in to  isoamyl a lcoho l  le f t  unreacted  
rad ioact ive  SAM in  the aqueous phase. Radio-  
ac t iv i ty  found in the organ ic  phase was taken 
as ev idence fo r  methyl group t rans fer .  Using 
th i s  assay system the presence of O-methy l -  
t rans ferase(s )  in  crude enzyme ext rac ts  o f  
p lant  ce l l  cu l tu res  of  d i f fe rent  taxonomic 
o r ig in  was invest igated .  The h ighest  ac t iv i ty  
was observed in Berberis wilsoniae var .  sub- 
caulialata, from which the enzyme was pur i f -  
ied .  The resu l t s  are shown in the Table I .  
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Total Total Specif/c 
Purification activity protein activity Recovery Purification 
step pkat mg pket/mg (%) -fold 
Crude 
extract 2160 225 
(NH4)2S04 
(0-70%) 2550 161 
Gel Fil tr .  
(AcA 44) 2670 
DEAE- 
cel lulose 
HPLC 
2270 
1230 
9.6 i00 
15.8 118 
85 31.4 124 
50 45.7 105 
4.7 260 57 
1.6 
3.3 
4.8 
27 
Table 1 Pur i f icat ion procedure for  (S)-scoulerine 
9-O-methyltransferase. 
A typ ica l  HPLC pro f i le  showing the d i s t r ibut -  
ion of  p ro te in  as we l l  as that  of  the O-methyl- 
t rans ferase  is  dep ic ted  in F ig .  2. 
re lat ive absorption 
[280nm'1 
radioactive 
product 
formed 
[cpm] 
-5000 
1000 
b l ! l I | I ! I I 
I 50 I00 
L 
time [min]-- 
Fig. 2 Typical HPLC pro f i le  of the par t ia l l y  
pur i f ied enzyme,(--)  = d is t r ibut ion  of 
protein, ( - - - )  ~ d is t r ibut ion of 
enzyme act iv i ty  
The prote in  f rac t ion  pur i f ied  27- fo ld  (57% 
y ie ld ) ,  proved to be sat i s fac tory  fo r  a l l  
of  our purposes,  s ince  none of  the o ther  
known enzymes of  the i soqu ino l ine  pathway 
w i th  potent ia l  fo r  in ter fe rence  in the 
exper iment  descr ibed  here (Zenk, in  press)  
was present .  The par t ly  pur i f ied  enzyme 
also did not  conta in  any contaminat ing  methyl- 
t rans ferase  ac t iv i ty  fo r  t rans forming  te t ra -  
hydrocolumbamine to te t rahydropa lmat ine  
(Beecher and Ke l leher ,  1984).  For th i s  
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reason, no fu r ther  pur i f i ca t ion  of our 
enzyme was attempted.  A p lo t  of the te t ra -  
hydrocolumbamine product ion  vs. t ime was 
l inear  fo r  the f i r s t  20 min, when 3 pkat of 
the enzyme was used in the standard assay. 
Dependence of the react ion  on prote in  
concent ra t ion  (enr iched 27- fo ld )  was l inear  
over a range from 0 to 9 mg and then gradually 
fe l l  o f f .  The pH optimum of the react ion  was 
at  8.9. The temperature optimum was found to 
be at  37oc. The molecu lar  weight  was determined 
to be 63+2 kD. A f te r  storage fo r  7 months at  
-20°C in -g lycero l  (20%), the enzyme s t i l l  
re ta ined  more than 50% of i t s  o r ig ina l  ac t iv -  
i ty .  The poss ib le  O-methy la t ion  products of  
(S ) - scou ler ine  inc lude  tet rahydroco lumbamine,  
tetrahydropalmatrubine or, i f  two methyl groups 
are t rans fer red ,  te t rahydropa lmat ine .  The TLC 
and HPLC (Nuc leos i l -  C18, Macherey and Nagel) 
behav iou~of  the labe l led  product were ident i -  
cal wi th those of tet rahydroco lumbamine.  The 
rad ioact ive  product  was transformed by the 
act ion  of STOX in to  a product ident ica l  wi th  
columbamine; d i lu t ion  wi th  car r ie r  columbamine 
and c rys ta l l i sa t ion  y ie lded  a labe l led  product  
conta in ing  the expected rad ioact iv i ty  w i th in  
exper imenta l  e r ror  (~ 10%). The fac t  that  
STOX acts on the product  shows that  the te t ra -  
hydrocolumbamine obta ined by th i s  enzyme 
react ion  has the (S ) -conf igurat ion  at  C-14 
(Amann et a l . ,  1984). These procedures 
es tab l i sh  the product  of enzymatic methy lat ion 
of scou ler ine  to be (S) - tet rahydroco lumbamine. .  
Of a ser ies  of 12 metal sa l t s  tested at  5 mM 
concent ra t ion  only Cu ÷+ inh ib i ted  the enzyme 
( res idua l  ac t iv i ty  3%). The k inet i c  constants  
of the enzyme were measured as descr ibed in 
the mater ia l s  and methods sect ion ,  vide in t ra .  
The Km values determined fo r  (S ) - scou ler ine  
and SAM were 1.6 mM and 0.042 mM respect ive ly ;  
the Ki fo r  SAH was 0.01 mM. Of c ruc ia l  
importance fo r  the pos i t ion  of th i s  enzyme 
in the b iosynthes is  of p ro toberber ine  a lka -  
lo ids  was i t s  subst ra te  spec i f i c i ty .  No react -  
ion could be observed by using (R) -scou ler ine  
or dehydroscou ler ine ,  i t s  r ing  C aromatized 
counterpar t .  The enzyme was also (F ig .  3) 
to ta l ly  inact ive  towards a number of o ther  
berbines inc lud ing  (S ) -corex imine ,  (R ,S) -  
desmethy lenetet rahydroberber ine ,  (R,S) -  
d i sc re tamine ,  (S ) -coryda lmine ,  (R,S)-stephol i -  
d ine,  (R ,S ) - te t rahydro ja t ror rh iz ine ,  (S) -  
coramine, (R ,S ) - te t rahydroberber rub ine  
(nand in ine) .  A lso,  no react ion  was observed 
wi th  (R)-  and (S ) - re t i cu l ine ,  bo ld ine ,  magno- 
f lo r ine ,  and the s imple phenols ca f fe ic  ac id ,  
dopamine, and quercet in .  Two other  subst rates ,  
which are not natura l  products,  were methylated 
by the enzyme: (R ,S ) -2 ,3 ,9 ,10- te t rahydroxy-  
te t rahydroprotoberber ine  (a t  50% of the rate 
of (S ) - scou ler ine)  and (S ) -3 ,9 -hydroxy- .2 ,10-  
methoxy te t rahydroprotoberber ine  (a t  4% of 
the rate  of (S ) - scou ler ine) ,  
DISCUSSION 
S -Adenosy l -L -meth ion ine  : (S ) - scou ler ine  9-0- 
-methy l t rans ferase  which has been pur i f ied  
and character i zed  in th i s  work is  a h igh ly  
s tereo-  and reg iospec i f i c  methy l t rans ferase .  
A var ie ty  of c lose ly  re la ted  te t rahydroproto -  
berber ines  was tested and none of the natural- 
l y  occur r ing  subst ra tes  served as methyl 
group acceptor  except fo r  (S ) - scou ler ine .  
The (R) -enant iomer  of scou ler ine  and dehydro- 
scou ler ine  were not used in the enzyme react -  
ion.  This shows an unusual degree of spec i f i c r  
i ty  of the methy l t rans ferase  fo r  the (S) - form 
of the subst ra te .  I t  has been unequ ivoca l ly  
es tab l i shed  that  only one of the hydroxy l  
groups of (S ) - scou ler ine ,  namely the one at 
pos i t ion  9, is methy la ted ,  the product being 
(S ) - te t rahydroco lumbamine .  As we have shown, 
tetrahydrocolumbamine and several  other  te t ra -  
hydroprotoberber ines  wi th  d i f fe r ing  O-methyl 
or methylenedioxy subst i tu t ion  pat terns  in both 
r ings  A and D can serve as in termed iates  fo r  
the fo rmat ion  of r ing C aromat ic  p ro tober -  
ber ines (par t i cu la r ly  columbamine), by act ion  
of the STOX enzyme (Amann et a l . ,  1984), 
RIO H N 
R20" " H R3 
OR,,. 
Rs 
Coramine : RI=R3=H; R2=R4=CH3 ; R5=OH 
Coreximine : RI=R4=CH3 ; R2=R3=H; R5=OH 
Corydalmine : RI=R2=CH3 ; R3=OCH3; R4=R5=H 
Desmethylene- 
tetrahydroberberine : RI= R2=H; R3=OCH3' R4=CH3; R5=H 
Discretamine : RI=R4=H; R2=CH3; R3=OCH3; R5=H 
Nandinine : RI+R2 = -CH2-; R3=OH; R4=CH3; R5=H 
3,9-Hydroxy-2,10-methoxy- 
tetrahydroprotoberberine : RI=R5=H; R2=R4=CH3 ; R3=OH 
Scoulerine : RI=R4=CH3 ; R2=R5=H; R3=OH 
Tetrahydrojatrorrhizine : RI=R5=H; R2=R4=CH3; R3=OCH 3
2,3,9,10-Tetrahydroxy- 
tetrahydroprotoberberine : RI=R2=R4 =R5=H; R3=OH 
Tetrahydrostepharanine 
(Stepholidine) " RI=CH3; R2=R4=R5 =H; R3=OCH3 
14 H = a=(S)~ 14 H =~=(R) 
Fig. 3 P ro toberber ines  tested for  subst ra te  spec i f i c i ty  of the enzyme 
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Columbamine in tu rn ,  can be used as a substrate 
by the methy lened ioxy  br idge- fo rming  enzyme 
(berber ine  synthase)  to y ie ld  berber ine  
(Ruef fe r  and Zenk, in p ress ) .  Berber ine  can 
add i t iona l ly  undergo r ing -open ing  at the 
methy lened ioxy  br idge  to g ive ja t ro r rh i z ine  
(Beecher and Ke l leher ,  1983; Ruef fe r  et a l . ,  
1983). Beecher and Ke l leher  (1984) have shown 
that  te t rahydroco lumbamine  can a lso be methy l -  
ated by a d f f fe rent  methy l t rans ferase  to form 
te t rahydropa lmat ine ;  the s tereochemica l  course 
and subst ra te  spec i f i c i ty  of th i s  react ion  
have not been. determined .  The 9 -O-methy l -  
t rans ferase  repor ted  here has a pH optimum 
of pH 8 .9 ,  l i ke  the berber ine  br idge  and the 
STOX enzymes. The berber ine  br idge  and the 
STOX enzymes are found exc lus ive ly  in part icles 
w i th  the dens i ty  of = 1.14 g ml -L ,  wh i le  the 
9 -O-methy l t rans ferase  could  not be compart-  
mented. Dens i ty  g rad ient  cent r i fugat ion  and 
u l t racent r i fugat ion  s tud ies  demonstrated th i s  
enzyme to be in  the cytoso l .  The main end 
product  out of  (S ) - scou ler ine  in p ro tober -  
ber ine  b iosynthes is  in Berber i s  ce l l  cu l tu res  
is  ja t ro r rh i z ine .  The quest ion  remains then,  
as to how a por t ion  of  the (S ) - scou ler ine  
escapes the par t i c le  in o rder  to be methy la t -  
ed at  pos i t ion  9 pr io r  to the fo rmat ion  of  
columbamine. 
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